and do not require a subducted sediment component in the source. Relatively high and ratios do, however, suggest a metasomatic fluid component derived from the dehydration of the subducting plate.
The thickened continental crust ( ~35 km) of the eastern Aleutian Arc prevents the ascent of basaltic melts, which fractionate and assimilate at various depths to produce andesitic magmas. These andesites evolve towards more silicic compositions by fractional crystallization. The absence of evidence for a large high-level crustal magma chamber implies that the magmatic system beneath the volcano is young and at an immature stage of evolution.

INTRODUCTION
Geochemical and isotopic studies conducted in various volcanic arcs over the past decade and a half have led to the recognition that magma genesis at convergent plate margin settings is complex and that components may be derived from multiple sources (Gill, 1981; Arculus & Powell, 1986; Hildreth & Moorbath, 1988; Hickey-Vargas, 1991) . The Aleutian Arc (Fig. la) , which extends almost 3000 km between Buldir Island in the west and Cook Inlet in the east, is the product of volcanic activity associated with the subduction of the Pacific plate beneath the North American plate. The arc provides a unique opportunity to study the processes and different geochemical reservoirs which contribute to the genesis and compositional evolution of subductionrelated magmas, because the more than 80 Quaternary centres present along the arc encompass both oceanic and continental tectonic settings. In the western portion of the arc, oceanic lithosphere of the Pacific plate is being subducted beneath Cretaceous oceanic crust of the Bering Sea (Cooper et al., 1976) , whereas subduction in the east is beneath the_ continental basement of the Alaska Peninsula and mainland which are composed of terranes that were accreted to North America during the Mesozoic (Marlow & Cooper, 1983) . Comparisons between oceanic and continental-margin arc volcanic centres are of particular importance in defining the role played by the continental crust during the ascent and differentiation of basaltic magmas from their mantle source region. There is an extensive literature on the geochemistry of the Aleutian Arc, which has focused on the nature of the source region for Aleutian basalts and the petrogenesis of erupted lavas (Marsh, 1976; Kay, 1977 Kay, , 1980 Kay et al., 1978; McCulloch & Perfit, 1981; Hildreth, 1983 Hildreth, , 1987 Morris & Hart, 1983; Nye & Reid, 1986; von Drach et al., 1986; Myers & Marsh, 1987; Brophy & Marsh, 1988; Romick et al., 1990; Miller et al., 1992; Singer et al., 1992) . These studies concluded that there is little difference in radiogenic isotope (Sr, Nd, Pb) character between the western oceanic and eastern continental portions of the arc, and that primary magmas generated in both settings appear to have been influenced by the incorporation of recycled components derived from terrigenous sediments (e.g. Kay et al., 1982; Myers et al., 1985; Morris et al., 1990) . Most of these investigations have been conducted in the western, oceanic portion of the arc or in the transition zone between the oceanic and continental sectors. The sparse literature on the continental arc suggests that magma genesis and evolution may be more complicated than in the oceanic sector. The studies by Hildreth (1983 Hildreth ( , 1987 and Lowenstern & Mahood (1991) of the Valley of Ten Thousand Smokes system in the Katmai region found no strong isotopic evidence for the assimilation of radiogenic continental crust, although primitive (non-radiogenic) arc crust may have been assimilated. In contrast, incompatible trace element systematics for Mt Spurr are indicative of crustal contamination during magma differentiation (Nye & Turner, 1990) .
Both calc-alkaline and tholeiitic magmas occur in the Aleutians, with their respective distributions apparently controlled by tectonic features in the crust (Kay et al., 1982) . It has been proposed that both magmatic series can be derived from parental olivine tholeiitic basaltic liquids, with the calcalkaline trend resulting from an early high-pressure crystal fractionation stage that does not occur in tholeiitic systems (Kay & Kay, 1985; Daley, 1986; Gust & Perfit, 1987) . A low-pressure fractionation stage also occurs, producing the more evolved compositions (i.e. dacite-rhyolite). Experimental evidence for early fractionation of magnetite at constant/o, to produce calc-alkaline magmas from a tholeiitic parent (Osborn, 1962) is consistent with the two-stage fractionation model proposed for Augustine (Daley, 1986) . The absence of significant isotopic and trace element differences between lavas from the eastern and western Aleutians also supports the derivation of parental melts from similar mantle sources. Here we examine the isotopic and trace element chemistry of volcanic rocks from Augustine Volcano to identify the processes which have produced the predominantly andesitic-dacitic calcalkaline suite of lavas and pyroclastic rocks of this most active of the eastern Aleutian volcanic centres, and to better understand petrogenesis in the eastern Aleutian continental arc.
GEOLOGIC SETTING
Augustine Volcano is located in southwestern Cook Inlet, Alaska, ~280 km southwest of Anchorage (Fig. lb) . Included with Augustine within the Cook Inlet segment of the arc are three other volcanoes that have erupted in this century : Mt Spurr (1953 ), Mt Redoubt (1966 -1968 , 1989 ) and Iliamna Peak (1947 . Augustine lies ~ 105 km above the median surface of the Wadati-Benioff zone, which is initially inclined 12° to the northwest with the dip increasing to 40° directly below the volcanic front . The convergence rate for this portion of the arc is ~5-8 cm/yr and the arctrench gap is ~500 km (Jacob et al., 1977) , such that the oceanic crust at present beneath Augustine was last at the Earth's surface ~6 m.y. ago.
Augustine Volcano, built upon Mesozoic marine and non-marine sediments and Pleistocene glacial deposits, is 1250 m in height and forms a 90 km 2 island composed of an apron of pyroclastic flow deposits, lava domes, dome fragments and rare lava flows. The non-volcanic substrate is exposed in 300 m high, wave-cut cliffs on the south side of the island (Detterman, 1973) . Like the mainland to the west, Augustine Island apparently was last glaciated 15 000 years ago, before the development of the present volcanic edifice (Johnston, 1978) . There have been six eruptions of Augustine Volcano since its 1778 discovery (1812, 1883, 1935, 1963-1964, 1976, 1986) . The last five eruptions began with explosive removal of all or part of the plug domes of the previous episode, and have produced plinian columns that dispersed ash throughout the Cook Inlet region. The explosive eruption phase typically has been followed by emplacement of pyroclastic flows, mudflows, domes and occasionally lava flows, as in 1883 and 1986 (Yount et al., 1987) .
Geophysical surveys of Augustine Volcano have been performed with the dual goals of developing a magma chamber model (Kienle et al., 1979) and assessing the volcanic hazards (Kienle & Swanson, 1980) . From aeromagnetic, seismic and heat flow surveys, Kienle (1987) concluded that there is no large magma chamber within the volcanic edifice proper, but rather a small reservoir on the order of < 1 km 3 at a shallow depth, probably at or near sealevel.
Field work for this study was undertaken by the two senior authors in 1984, in conjunction with the Alaska Division of Geological and Geophysical Survey's (ADGGS) geothermal assessment of Augustine Volcano, and was coordinated with the petrologic thesis of Daley (1986) at the University of Alaska, Fairbanks. Results of the geothermal study have been presented by Viglino et al. (1985) . Samples collected during this field work have the prefix 84AU. Major element modeling of fractional crystallization processes has been presented by Daley (1986) . Following the 1986 eruption, samples of the 1986 dome were obtained from the ADGGS and have the prefix 86AU.
Pyroclastic samples made available to this study by the US Geological Survey are of various ages (some undocumented), and were collected by the late D. A. Johnston between 1976 and 1978 . These consist of andesite and dacite pumices and debris flow material, as well as a single rhyolite pumice from the initial stages of the 1976 eruption. Details of the petrography and mineral chemistry have been given by Johnston (1978) . Analytical methods are presented in the Appendix.
PETROGRAPHY AND MINERAL CHEMISTRY
The volcanic materials which outcrop on Augustine consist of seven lava domes (some of uncertain age), two lava flows, and pyroclastic flows. The lavas and pyroclastic deposits, with the exception of the Kamishak Dome basaltic cumulate (84AU-112) and the 1976 rhyolitic pumice (76AU-5), are andesitic to dacitic in composition. All samples studied are porphyritic (>30% crystals), typically containing phenocrysts of plagioclase (25-30%), augite (5-10%) and hypersthene (3-10%), ± magnetite (<2%), ± hornblende (<1%), ± olivine (<1%), set in a groundmass of glass and microphenocrysts of the same minerals (Daley, 1986; Johnson, 1986) . In hand specimen, the dacites are distinguished from the andesites by the notable absence of hornblende phenocrysts. There is widespread petrologic evidence for chemical disequilibrium in these lavas, which has been attributed to magma mixing (e.g. Johnston, 1978; Mazzone et al., 1990) . This includes disequilibrium textures such as corroded crystals of olivine and amphibole, large compositional ranges of plagioclase and coexistence of phases that should not have coprecipitated. Cognate inclusions and glomeroporphyritic clots are present in andesitic lavas of all ages and were particularly abundant in the 1976 dome. Most of the inclusions are holocrystalline, containing only rare interstitial glass (<1%), and mineralogically would be classified as hornblende gabbros. Cognate inclusions of this type are common in other Aleutian magmas (Conrad et al., 1983; Conrad & Kay, 1984) . The low-pressure crystallization sequence for andesites and dacites as reported by Daley (1986) is: plagioclase, orthopyroxene, clinopyroxene. Representative analyses are given in Table 1 .
Temperatures were determined using the twopyroxene thermometer of Lindsley & Anderson (1983) . The activities of Wo, En and Fs in pyroxenes is approximated by an empirical projection scheme, which allows the application of quadrilateral phase relationships for thermometry (Lindsley, 1983) . Temperatures for Augustine lavas range from 850°C for the 1964 dome to 1150°C±50°C for 1883 pyroclastic flow materials (Johnson, 1986) . In comparison, Johnston (1978) obtained temperatures of 840-1055°C for the 1976 pyroclastic flow units using the two-pyroxene thermometer of Wood & Banno (1973) .
RESULTS
Major and trace element geochemistry
Compositionally, Augustine volcanic rocks range from 5040 to 7368 wt% SiO 2 . The majority of the samples are transitional low-to medium-K andesites or dacites (Fig. 2) that display a calc-alkaline character. In general, the Augustine volcanics are lower VOLUME 37 NUMBER FEBRUARY 1996 in alkali contents than those from other Aleutian centres. Major element variations for the intermediate to acidic volcanics in this suite define relatively smooth compositional trends. Compatible elements such as MgO, A1 2 O3, FeO* and CaO decrease in a linear manner with increasing SiO2 content (Fig. 3) . Large-ion lithophile elements (LILE), such as the alkalis, correlate positively with SiO2. These chemical trends have been observed in other Augustine studies and may be attributed to either fractional crystallization processes (Daley, 1986) or mixing of less evolved andesites with rhyolitic magmas (Johnston, 1978) . In terms of bulk composition, the Augustine suite is distinguished from other volcanic centres in the eastern Aleutian Arc by a tendency toward higher abundances of MgO, CaO and AI2O3, and lower K2O, at a given SiO 2 content . Water contents (Tables 2 and 3) are generally low (<1%) and reflect volatile loss during shallow subsurface degassing and eruption. Compatible trace element concentrations (e.g. Cr, Ni, V) diminish with increasing differentiation, whereas most incompatible trace elements (e.g. Nb, Hf, La, Sm, Yb, Th) show a steady increase (e.g. Fig. 3b ). Sr exhibits a general decrease in abundance in more evolved rocks, presumably owing to plagioclase control during crystal fractionation. The positive correlation of these elemental concentrations with Rb suggests that compositional trends for these elements are being influenced by the same processes.
Relative variations in trace element abundances may be examined using mid-ocean ridge basalt (MORB)-normalized and chondrite-normalized diagrams. The normalized geochemical data for the Data from Johnson (1986) .
Augustine volcanic suite exhibit high Rb, Ba and Sr relative to the rare earth elements (REE). Nb and Ti are depleted relative to the REE, a pattern typical of high field strength element (HFSE) concentrations in arc magmas (Fig. 4a) . A few andesites, such as 84AU-19, display slight positive Zr anomalies ( Fig.  4b ) Chondrite-normalized REE plots show only a slight enrichment of LREE relative to the HREE. The dacites exhibit minimal variation in REE abundances and have no Eu anomalies. The convexupward mid-REE variations for the dacites suggest that amphibole fractionation has occurred (Fig. 5a ). Andesites display a slightly wider range in concentrations and may have small positive or negative Eu anomalies (Fig. 5b) . In summary, Augustine major and trace element characteristics are typical of low-K calc-alkaline arc volcanic suites. These include the relative enrichments of the LILE (e.g. Ba, Rb) and depletions of HFSE relative to the REE. Incompatible element ratios and overall REE concentrations are generally comparable with or lower than those observed at other Aleutian volcanic centres (Table 4) .
Isotope geochemistry
Augustine volcanic rocks display a very restricted range of 87 Sr/ 86 Sr and e Nd (Table 5 ). For example, Augustine 87 Sr/ 86 Sr ratios range from 07032 to 0-7034 compared with eastern arc calc-alkaline neighbours Mt Spurr at 0-7035-0-7040 (Nye & Turner, 1990) and Novarupta dome at 0-7034-07036 (Hildreth, 1983) , and western Aleutian tholeiitic volcanic suites such as Okmok at 0-7031-0-7035 (Nye & Reid, 1986 ) and Semisopochnoi at 0-7032-0-7033 (DeLong et al., 1985) . Similarly, £ Nd (1976)]. The data (solid dots) define a low-to medium-K suite, having lower K 2 O contents than other Aleutian volcanic centres (crosses). Aleutian data from Kay it al. (1982) , , DeLong tt al. (1985) , Nyc & Reid (1986) , Myers it al. (1986) , Nye & Turner (1990) , Romick tl al. (1990) , Miller et al. (1992) , Singer tt al. (1992) , Kay & Kay (1994) , Nye tt al. (1994) . Auguitine data arc from Tables 2 and 3. values for the Augustine volcanics (+8-7 to +7-3) are also comparable with both Aleutian calc-alkaline suites, e.g. Novarupta at +64 (von Drach et al., 1986) and Seguam at +7-0 to +5-9 (Singer et al., 1992) and tholeiitic suites, e.g. Okmok at +83 to + 7-4 (Nye & Reid, 1986) and Semisopochnoi at + 8-5 to +8-1 (DeLong «* al., 1985) . Pb-isotopic variations at Augustine (Table 5) Fig. 6 ). In contrast, most Aleutian volcanic suites define a mixing array between North Pacific enriched mantle and terrigenous sediments. This suggests only a minor role for subducted sediments in the Augustine volcanic suite relative to that observed at volcanic centres situated in the continental and oceanic segments of the arc to the w,est.
Contents of 10 Be are in the range (0-11-0-30) x 10 6 atoms/g (Table 6 ). These values are significantly lower than those of (0-7-15-3) x 10 6 atqms/g observed for the western Aleutians (Tera et al., 1986) . Low Augustine 10 Be values may be attributable to the longer timescale for subduction in the eastern arc (66 Ma) vs the western arc (3-0 Ma) (Morris et al. 1990 (Table 4 ): e.g. Novarupta at +5-7 to +6-4%o (Hildreth, 1983 ), Okmok at +51 to +6-5%o (Nye & Reid, 1986 ) and Seguam at +5-9 to + 7-0%o (Singer et al., 1992) . Although one must consider the possible effects of subsolidus re-equilibration on whole-rock (5 18 O, the Augustine values are within the acceptable range for mantle-derived melts (Kyser, 1986) . 
DISCUSSION
The data presented here illustrate that Augustine Volcano follows the chemical trends characteristic of eastern Aleutian calc-alkaline suites . Two important factors controlling the distribution of calc-alkaline vs tholeiitic magmatism in the Aleutian Arc are crustal structure and thickness. Crustal thickness appears to have an effect on both fractionation processes and the degree of partial melting in the source. Both of these processes have been correlated with the occurrence of calcalkaline magmatism (Kay & Kay, 1985; Daley, 1986; Gust & Perfit, 1987; Singer et al., 1992) . Specifically regarding Augustine, two major stages of crystal fractionation are proposed to occur at different depths within the volcanic system (Daley, 1986) . The site of deep (4-6 kbar) magmatic fractionation corresponds to the mixing-assimilationstorage-homogenization or 'MASH' zone of Hildreth & Moorbath (1988) , and is where the calcalkaline magma characteristics develop. The subsequent, low-pressure (~ 1 bar) fractionation stage occurs in the upper levels of the crust, where intermediate to silicic magmas develop by continued crystallization, magma-crust interaction and magma mixing.
Finally, crustal thickness appears to have an influence on the degree of partial melting that can occur in the underlying mantle. On a global scale, thickened continental crust has been suggested to correlate with lower extents of partial melting (Plank & Langmuir, 1988) , as well as calc-alkaline geochemical characteristics. In modelling of trace element data from adjacent Aleutian calc-alkaline (Recheshnoi) and tholeiitic (Okmok) volcanic centres, Miller et al. (1992) correlated calc-alkaline characteristics with lower degrees of partial melting (~7%) and tholeiitic characteristics with higher degrees of partial melting (~20%).
Once the geochemical consequences of intracrustal processes have been evaluated, it is possible to examine mantle source characteristics and the derivation of primary partial melts. The funda-VOLUME 37 NUMBER 1 FEBRUARY 1996 mental assumption made for this discussion is that the primary magma which generated the basaltic parent to the voluminous intermediate rocks on Augustine had its ultimate origin as a partial melt of the sub-arc mantle wedge. Partial melting of the asthenospheric mantle wedge with the addition of a subduction component is a generally accepted arc petrogenetic model that has been extensively applied in the Aleutians (e.g. Kay, 1977; Kay et al., 1978; McCulloch & Perfit, 1981; Morris et al., 1990; Miller et al., 1992; Singer et al., 1992) , and is the preferred model for Augustine.
In the discussion which follows, the implications of models for intra-crustal processes and mantle sources will be discussed in terms of the geochemical data for Augustine Volcano, and compared with data from other Aleutian volcanic centres. A model of Augustine petrogenesis must account for (1) the predominance of calc-alkaline andesitic-dacitic magmas, (2) the limited Sr-, Pband Nd-isotope variation, (3) the high LILE/ LREE ratios, (4) the absence of significant '^e, and (5) 5
1B O values higher than typically observed for intra-oceanic arc basalts. This study discusses only our trace element and isotopic data and has as its focus the geochemical characteristics of the sub-Augustine mantle source region. The details of the major element modelling of intra-crustal processes will be discussed elsewhere (Daley & Swanson, in preparation) . 
Intra-crustal processes
The continental location of Augustine and the obvious dominance of intermediate calc-alkaline volcanic rocks imply that arc crust has played a role in the evolution of primary magmas. The degree of maturity and overall development of the volcanic conduit itself is probably a direct consequence of the continental location of Augustine Volcano. However, the high Nd-and low Sr-isotope ratios observed for Augustine and elsewhere in the eastern Aleutians suggests that only non-radiogenic young arc crust is being assimilated (Table 7) Table 3 , and show a coherence in composition with respect to the overall silica content, (a) The dacitcs are tlightly more LREE enriched, and have HREE concentrations comparable with the andesites; (b) the andesites suite displays a greater range in compositional variability. The basaltic cumulate (84AU-112) is shown with the andesites. Normalization parameters from Nakamura (1974) .
assimilation of young arc crust (Hildreth, 1983; Lowenstern & Mahood, 1991) . In cases such as Augustine, where ranges of isotope variations are limited, and therefore isotopes are not sensitive monitors of magma-crust interaction, incompatible element ratios may be utilized to discern subde assimilation effects, such as might result from interaction of primary basaltic magmas with more primitive arc crust (Davidson et al., 1987; McMillan et al., 1989) . A plot of K/Rb vs Rb illustrates possible differentiation relationships for the Augustine and other Aleutian volcanic suites (Fig. 7a) . Bulk assimilation (BA) of primitive arc crust, such as the underlying Talkeetna terrane, Major element data from Daley (1986) and Johnson (1986) . Trace element analyses determined by ICP-MS at the Ontario Geological Survey (Canada), except (*) Ba and all data for 84AU-112 and 84AU-28D, which were determined by INAA by S. M. Kay (Cornell University). (Singer el al., 1992; Kay & Kay, 1994) as well as North Pacific MORB (White et al., 1987) , OIB (Church & Tatsumoto, 1975; Couieni it al., 1985; White it al., 1987) and terrigenous and pelagic sediment sources (Church, 1973) . The mean oceanic trend is for the North Pacific (Kay, 1977) . "Boron analytical details given by Leeman (1988) , with uncertainties of 10%. tBe analytical details given by Morris & Tera (1985) , with uncertainties for 10 Be of ±30%. (See analytical methods in Appendix for discussion.)
should drive magmatic compositions towards lower K/Rb ratios (Fig. 7a) . Closed-system crystal fractionation (CCF) of the typical Augustine phenocryst assemblage (plag + cpx + opx ± mag ± amph) should result in an increase of Rb in the residual magma. (Nye & Reid, 1986) and Talkeetna Terrane Crust (Vallicr el al., 1994) . The Augustine data require a range of 20-80% assimilation, accompanied by up to 70% fractional crystallization. All tick markj along the fractionation curves represent 70% crystallization. Data sources: Novarupta (Hildreth, 1983) ; Okmok (Nye & Reid, 1986) ; Seguam (Singer el al., 1992) ; Mt Spurr (Nye & Turner, 1990) , Mt Redoubt (Nye et al., 1994) . Assimilation parameters given in Table 7 .
Assimilation-fractional crystallization (AFC) of typical Aleutian arc crust (Table 7) produces trends intermediate between CCF and BA (Fig. 7a) . Volcanic centres of the eastern and continental margin sectors of the Aleutian arc form two trends, one corresponding to apparent assimilation dominated systems (e.g. Okmok and Seguam), and the other corresponding to variable degrees of AFC (e.g. Augustine, Novarupta, Mt Redoubt and Mt Spurr). Plutonic rocks of the eastern and central Aleutians Augustine data (this study); Redoubt (Nye etal., 1994) ; Mt Spurr (Nye & Turner, 1990) ; Katmai [Hildreth (1983) ; except eNd from von Drach etal. (1986) ]; Okmok (Nye & Reid, 1986) ; Akutan (Romick etal., 1990) ; Seguam (Singer etal, 1992) ; Atka (Myers etal., 19866; von Drach etal., 1986) ; Adak (Kay etal., 1978) ; Semisopochnoi (SEMIS) (DeLong etal., 1985) ; sediments [Kodiakand Sanak argillltes and greywackes, trace elements from Hill et al. (1981) ; Gulf of Alaska sediments, Sr-isotopes and SMJ from von Drach et al. (1986) ; Pb-isotopes from Kay etal. (1978) ]; Talkeetna Terrane crust elemental data from Barker (1994) and isotopic data from Arth (1994) . FEBRUARY 1996 generally follow this AFC trend as well (Johnson et al., 1993) . Augustine AFC calculations, based upon K/Rb ratios, are shown in Fig. 7b . The parental magma composition is Okmok lava ID1 (Nye & Reid, 1986) , where Rb = 5-81 p.p.m. and K/Rb = 679. The assimilant composition is estimated from data for the Talkeetna terrane crust (Barker, 1994) , where Rb=19 p.p.m. and K/Rb = 353. The ratio of the mass of assimilant to the mass of crystallized material is 02 [the r values from DePaolo (1981) ]. However, because of the primitive nature of the crust, r values up to 05 do not significantly affect the AFC curve. The results suggest that up to 80% assimilation of Talkeetna-type crust accompanied by up to 70% fractional crystallization have occurred to produce the andesite to rhyolitc Augustine suite (Fig.  7b) . Modelling parameters are summarized in Table 8 .
Geochemical constraints on sub duct ion components
It is generally accepted that arc basalts are derived from partial melting within the sub-arc mantle wedge either subsequent to or concomitant with the addition of an enriched component from the subducted oceanic plate (e.g. Gill, 1981; McCulloch & Perfit, 1981; Morris & Hart, 1983; Stern & Ito, 1983; Miller et al., 1992 ; Singer*/a/., 1992). Various hypotheses for the added component include partial melts from subducted lithosphere (Marsh, 1982;  Myers et al., 19866) , an incompatible element enriched fluid phase derived from the uppermost hydrothermally altered portion of the oceanic crust through dehydration (Hawkesworth et al., 1979; Kay, 1980; Gill, 1981) , and the incorporation of subducted sediments (Armstrong, 1971; Kay, 1977; Kay et al., 1978; White & Patchett, 1984; Church, 1935; Tera et al., 1986; Sigmarsson et al., 1992) , or some combination of the above. A subduction contaminant has been invoked to explain enrichments in B, 207 Pb and 87 Sr, and depletions in 143 Nd relative to MORB, and the presence of 10 Be in arc magmas. Criteria such as high LILE concentrations cannot be considered to exclusively represent the mantle source, because interaction with primitive arc crust or lithospheric peridotite can produce significant modifications in trace element compositions (e.g. Kelemen, 1986) . To examine the nature and extent of possible arc source components, it is first necessary to establish criteria by which the different influences can be distinguished. Fig. 8 ; Johnson et al., 1993) . Such high proportions of sediment contamination are required because of the small contrast in isotopic composition between the volcanogenic Gulf of Alaska sediments and mantle. Furthermore, the radiogenic isotopic ratios for the Augustine volcanic Talkeetna compositions estimated from von Drach et al. (1986) , Arth (1994) and Barker (1994) . Parental magma OK-ID1 from Nye & Reid (1986) . Distribution coefficients from Smith & Leeman (1993) . Percent crystallization values used to calculate the weighted distribution coefficients are from Daley (1986) . Okmok (Nye & Reid, 1986) ; Seguam (Singer tt al., 1992) ; Spurr (Nyc & Turner, 1990) , Gulf of Alaska sediments (von Drach tt al., 1986) . Mixing line calculated following Langmuir el al. (1978) . Mixing parameters given in Table 7. rocks are all within acceptable ranges for magmas derived from uncontaminated depleted mantle (Table 5 ). This poses three questions: (1) Are sediments being subducted at Augustine? (2) Are the slight isotopic shifts observed the result of the assimilation of primitive arc crust? (3) Are these small variations attributable to slab dehydration processes? If sediments are being subducted, then one must also consider which potential mantle source is the site of melt generation, as this may significantly affect the amount of sediment required. In this context, isotopic mixing models can help to distinguish melting in the mantle wedge vs the subducted plate. For Augustine, addition of 3% sediment at <5
I8
O -+20%o to a + 5-8%o mantle wedge partial melt will yield a basaltic magma with a 5 O value of + 6-2%o. In contrast, partial melting of the subducted lithosphere (approximately + 6%o) with the addition of a sedimentary component (+20%o) results in mass balance calculations that require an inordinately large sediment component to produce the radiogenic isotope and trace element compositions observed for island arc magmas. For example, estimates for source components from O values of + 8 to + 10%o, some 2-4%o higher than observed for the most mafic lavas erupted throughout the Aleutians. Sediment subduction mixing models, however, do not provide unique solutions, and it is possible to generate the limited isotopic variations observed for Augustine by AFC processes (e.g. Fig. 9 ).
In the case of Augustine, l0 Be data do not provide an answer to the question of sediment subduction vs assimilation. The cosmogenic origin of 10 Be precludes a mantle source. Its enrichment in deep-sea sediments (> 10 atoms/g) and strong partitioning to sediments vs water necessitates the actual subduction of sediments rather than addition of 10 Be by dehydration of the slab in the subduction zone (Tera et al., 1986) . Concentrations of 10 Be in Augustine lavas are < 1 x 10 6 atoms/g (Table 6 ), in comparison with lavas from elsewhere in the Aleutian Arc which contain (3-15) x 10 6 atoms/g (Morris et al., 1990) . The low DC concentrations at Augustine are not surprising because of the width of the arc-trench gap (500 km) in this region, and the slow convergence rates (58 cm/yr). Together, these two factors result in sediment recycling timescales which are significantly longer by up to a factor of two than for the western Aleutians (6-6 m.y. vs 3 m.y. (1978) . Data sources: Seguam (Singer et al., 1992) , Talkeetna Crust (Vallier it al., 1994) and Gulf of Alaska sediments (von Drach Hal., 1986) .
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the lavas for the effect of longer times gives ratios (~4 x 1CT 11 atoms/g) which are similar to those observed for the rest of the Aleutians and are in keeping with the strong observed linear covariation between '"Be/^e and B/Be for the Aleutians and other arcs (Morris et al., 1990) . However, it cannot be unequivocally demonstrated that the low levels of 10 Be are due only to the longer timescales at Augustine, even though Augustine systematics for decay-corrected ratios are similar to those of lavas from elsewhere in the Aleutian volcanic front and imply that a sedimentary component has indeed been added to the Augustine source region. The Be-B isotope data for Augustine permit the addition of a 10 Be-and B-rich metasomatic fluid. The amount of metasomatic component required by the Augustine data is strongly dependent on the particular model chosen, but is generally constrained to <6% by Beisotope data.
Because Nd-isotopic ratios remain essentially unchanged by interaction with seawater (Faure, 1986) , ^Nd/'^Nd data for the Aleutians cannot be used to place limits on the presence of a fluid phase from slab dehydration. A radiogenic crustal component introduced by terrigenous sediments or crustal assimilation, however, would reduce £N<J-This is not observed for Augustine or other Aleutian volcanic centres ( Fig. 10 and incompatible element ratios such as (Ba/La)^ should be increased by a slab-derived fluid phase (McCulloch & Perfit, 1981; Tatsumi et al., 1986) , and it has been proposed that a fluid phase produced by slab dehydration would more effectively concentrate 87 Sr/ 86 Sr, 207 Pb/ 204 Pb and the LILE (Gill, 1981; Myers & Marsh, 1987 ). An incompatible element relationship favouring the addition of a metasomatizing fluid is observed in the Augustine data (Fig. 10) . U-Th disequilibrium data also support the addition of a metasomatizing fluid (Johnson et al., 1993) .
CONCLUSIONS
Major and trace element characteristics of the Augustine magmas are typical of low-K calc-alkaline arc volcanics. These characteristics include the relative enrichment of LILE compared with the other trace elements, and HFSE depletions relative to REE concentrations indicative of processes occurring in the mantle source or lower crust. Examination of trace element ratios suggests that a variety of mantle and crustal processes have affected the evolution of the Augustine magmas. In addition, LILE ratios (e.g. Ba/La and Be/B) offer evidence for a metasomatized source mantle, and imply that the observed trace element enrichments may be due in part to a fluid phase (volatilesi partial melts) derived from dehydration reactions in the subducted oceanic plate.
The limited range in isotope geochemistry (Sr, Pb, Nd) appears to reflect a largely unmodified mantle signature. The isotope data can only be reconciled with apparent assimilation processes if the crustal assimilant is of similar isotopic composition to the parental magmas. Talkeetna crustal compositions would permit a significant amount of assimilation without affecting the mantle-'derived isotopic compositions. In addition, none of the isotopic data require a subducted sediment component, although the trace element and isotopic data suggest a small (<6%) metasomatic fluid component.
The overall geochemical evolution of the Augustine magmas can be explained in the context of the development of the volcanic plumbing system. Following the model of Myers et al. (1985) the Augustine system is at an immature stage of development intermediate between Stages 2 (youthful) and 3 (mature) as summarized in Fig. 11 . At this stage, thermal equilibrium has not been attained, although the 'thermal pipe' is beginning to develop. The thermal contrast between magmas and wallrock results in moderate to high heat loss. This causes a large percentage of magmas to 'freeze' in the deep Fig. 11 . Evolution of the Auguitine volcanic conduit system [after Myers it al. (1985) ]. Geochemical evidence suggests that Augustine is at a stage intermediate between II and III, exemplified by the following characteristics. The thermal pipe is well established so that heat loss to the wallrock is diminishing, although deep crystallization is still the dominant evolutionary process (the 'MASH Zone'). A shallow crustal magma chamber has not formed, but some low-pressure crystallization does occur within the volcanic conduit at the end of each eruptive phase. The chemical pipe hai not yet developed, permitting chemical interaction and exchange with the wallrock, as luggested by LILE ratios luch as K/Rb.
crust. Because a chemical pipe (i.e. chemical equilibrium between magmas and wallrock) has not been established, ion-exchange and/or assimilation processes occurring at all levels within the magmatic conduit system dominate the overall chemical evolution of magmas. Geophysical investigations have demonstrated that no large upper-crustal magma chamber exists at present. Although the majority of fractionation-assimilation processes occur in the 'MASH' zone, shallow magma-crust interactions, such as assimilation-fractional crystallization and magma-mixing processes, should begin to have an increasing influence as an upper-crustal magma chamber develops. and 84AU-28d) were provided by S. M. Kay (Cornell University) and determined by neutron activation analysis according to the methods described by Kay tt al. (1983) .
Isotopic analyses
Sr, Pb and some Nd isotopic determinations were made at the University of Oxford, UK. Sr was separated by a conventional ionexchange technique (Pankhurst & O'Nions, 1973) , and isotopically analysed on single Ta filaments on a VG-Micromass 30 mass spectrometer. ''Sr/^Sr ratios were corrected for mass fractionation by normalizing to ^Sr/^r = 8-3725. Repeated measurements of the Eimer & Amend SrCOj standard yielded average 87 Sr/**Sr ratios of 0-7078, indicating a systematic deviation of-00002 from the accepted value of 0-7080. Appropriate correction was made to all ratios. The la errors on "Sr/^Sr are better than ±001%.
Pb was separated using HBr with an anion exchange resin, and isotopically analysed on Re filaments by a fully automated VG Isomass 54 E mass spectrometer. Mass fractionation corrections were made by reference to repeated analyses of isotopic standard NBS-981, with la uncertainty for Pb isotope ratios averaging ±01%. Nd isotope analyses were performed at Oxford, and additional analyses were provided by P. Vidal at the Universite Blaise Pascal, France. The measured standard for Nd was BCR-1 at 1 "Nd/ 144 Nd = 0-51262 ±000002. Nd isotope ratios were normalized to l4 *Nd/ I44 Nd = 0-7219.
10
Be was measured at the Tandem Accelerator Laboratory of the University of Pennsylvania. Details of the technique have been given by Tera tt al. (1986) . Values reported here are normalized to 482-CA = 2111 atoms/g and are consistent with those reported by Tera tt al. (1986) . Uncertainties on the measurements are ±15% (la).
Oxygen isotope ratios were determined for whole-rock samples. Samples (20-25 mg) were reacted with a 7:1 molar excess of C1F 3 reagent using an extraction line similar to that described by Clayton * Mayeda (1963) . C1F, was the reagent used (Borthwick & Harmon, 1982) . Samples were pretreated in HCH to remove possible surface contamination. Oxygen isotopes were measured using a Finnigan MAT 251 triple collector mass spectrometer relative to the Peedee Belemnite (PDB) standard of Craig (1961) and converted to <5 I8 O Standard Mean Ocean Water (SMOW) following Friedman & O'Neil (1977) . Oxygen isotope analyses have a precision of ±0-2%o (Iff).
